Introduction
Experimental and clinical studies support close interrelationship between inflammation and thrombosis. 1 Leukocyte-platelet interactions induce bidirectional signals that amplify proinflammatory and prothrombotic cellular responses 2 and are critical, for example, in the initiation and progression of atherosclerosis 3 as well as restenosis 4 and in thrombotic events. 5 Antithrombotic agents developed to date provide substantial benefits via inhibition of thrombosis, but they do not seem to impact the progression of underlying vascular disease. 6, 7 Several in vitro lines of evidence suggest that inflammatory and thrombotic signaling pathways converge on spleen tyrosine kinase (Syk), a 72-kDa signaling protein with kinase and scaffolding activities. In platelets, phosphorylation of Syk has been reported after activation by multiple receptors (eg, platelet collagen receptor glycoprotein VI [GPVI] , which mediates platelet adhesion and activation to vascular collagen; 8 platelet glycoprotein [GP] Ib␣ and GPIIb-IIIa 9 ). Syk is also a mediator of signaling events induced by high shear stress, 10 after engagement of Fc␥RIIA, FcR␥, Fc␣RI, and the C-type lectin receptor-2. 8, [11] [12] [13] [14] In leukocytes, Syk promotes the recruitment of these cells to both inflamed and injured blood vessels. In the presence of activated endothelium, Syk regulates selectin-dependent leukocyte rolling. 15 At sites of vascular injury with endothelial denudation and platelet deposition, leukocyte recruitment is mediated by the leukocyte ␤ 2 -integrin Mac-1 and the platelet counter receptor GPIb␣, 4, 16 both of which signal through Syk. 17 Despite a well-described role for Syk in platelet and leukocyte biology, our understanding of the contribution of Syk to plateletmediated thrombosis and vascular inflammation in vivo has remained limited. This discrepancy is probably explained by the severe phenotype associated with Syk deficiency (embryonic lethality, anemia, and petechial hemorrhages throughout the gut, impairment of B-cell development 18, 19 ) and the lack of a highly selective Syk inhibitor that led to contradictory results. For example, although the results obtained with pharmacologic inhibitor R406 support a role for Syk downstream of both GPVI and C-type lectin receptor-2 in human washed platelets, 20 oral administration of R406 blocked Fc receptor signaling and reduced immune complex-mediated inflammation in whole blood, but it had no significant effect on collagen-induced platelet aggregation in platelet-rich plasma (PRP). 21 Furthermore, the selectivity of R406 for Syk is open to question because it inhibits multiple tyrosine kinases. 21, 22 Similarly, the lack of a selective pharmacologic agent with favorable pharmacokinetic properties has limited the evaluation of Syk kinase activity in atherogenesis and restenosis.
To determine whether Syk has a functional role in thrombosis and vascular injury in vivo, multiple strategies were used. First, we studied ex vivo thrombosis in radiation chimeras mice obtained by injecting Syk Ϫ/Ϫ fetal liver cells into lethally irradiated recipient mice. Second, we identified a Syk inhibitor and established its potency and selectivity against the kinase activity of Syk. Third, using this small molecule, we found that the kinase activity of Syk is preferentially involved in the regulation of arterial thrombosis (ie, platelet adhesion, thrombus growth, and stability) in multiple animal species, minimally contributes to primary hemostasis, and that it promotes inflammation and cellular proliferation after vascular injury.
Methods

Materials
Collagen type I was from Chronolog; convulxin (CVXN) was from Centerchem, ELISA kits for RANTES and soluble CD40 ligand (sCD40L) were from Bender MedSystems, PE-labeled anti-human P-selectin (CD42) was from ID Labs, rabbit anti-SYK(525/526) antibody was from Cell Signaling Technology, rabbit anti-pLAT (191) was from BioSource, and mouse anti-SYK (4D10) was from Santa Cruz Biotechnology.
Impact of genetic modulation of Syk on arterial thrombosis
Radiation chimeras mice were obtained by injecting Syk Ϫ/Ϫ fetal liver cells into lethally irradiated recipient mice to overcome perinatal lethality of Syk Ϫ/Ϫ mice. 23, 24 Syk ϩ/Ϫ and Syk ϩ/ϩ mice were obtained by breeding (Syk ϩ/Ϫ ϫ Syk ϩ/Ϫ ). The murine ex vivo thrombosis perfusion chamber protocol (using nonanticoagulated samples of blood) has been described previously. 25 In brief, naive blood was perfused through either a glass capillary (internal diameter, 282 m) coated with type I collagen or tissue factor (Thromborel; Dade Behring) at arterial rates of shear (871 seconds Ϫ1 ) for 2.5 minutes. Measurement of the thrombotic deposits (mean thrombus volume expressed in cubic micrometers per square micrometer) was performed on Epon semithin cross sections. Thrombotic deposits formed 5 mm from the proximal part of the capillary were analyzed using computer-assisted morphometry as described previously. 25 Mice were maintained in animal facilities at Portola Pharmaceuticals, Inc. Animal care and procedures were reviewed and approved by the Institutional Animal Care and Use Committees and performed in accordance with the guidelines of the American Association for Accreditation of Laboratory Animal Care and the National Institutes of Health.
PRT060318
The specificity of PRT060318 [2-((1R,2S)-2-aminocyclohexylamino)-4-(mtolylamino)pyrimidine-5-carboxamide; 26 )] for Syk has been described previously. 27 Activity (IC 50 ) of PRT060318 on Syk, its most closely related kinases (ZAP-70, FAK, and Pyk2), and kinases of the Src family (cSRC, Fyn, Lyn, and Yes) were determined at ATP concentrations that corresponded to K m apparent for each individual kinase (15M, Syk; 15M, ZAP-70; 70M, FAK; 90M, Pyk2; 200M, cSRC; 70M, Fyn; 70M, Lyn; and 45M, Yes).
Analysis of PRT060318 activity on platelet function (human washed platelets)
Determination of PRT060318 activity on Syk signaling. Platelet signaling assays were performed using a 96-well plate format because preliminary experiments showed that this approach routinely resulted in equal protein loading of drug-treated samples within an experiment. In brief, washed platelets were obtained as described previously 28 and pretreated with eptifibatide (9M final concentration to prevent platelet aggregation). One hundred microliters was added into each well containing different concentrations of PRT060318 (in 30% DMSO) for 20 minutes before activation with 150 ng/mL CVXN for 1 minute at room temperature (RT). Reactions were terminated by addition of 20L of 5 ϫ loading buffer. After boiling, samples were stored at Ϫ20°C until analyzed by Western blotting. Platelet lysates were subjected to SDS-PAGE (Invitrogen) under reducing conditions, followed by electroblot-transfer onto nitrocellulose membranes. Membranes were incubated for 1 hour at RT in blocking buffer (Zymed blocking buffer; Invitrogen) and then overnight at 4°C with 1:500 anti-pLAT pY191 primary antibody (BioSource; to measure inhibition of Syk kinase activity) or with 1:1000 pSyk pY525/526 (Cell Signaling Technology; to measure inhibition of the autophosphorylation of Syk) in blocking buffer. After washes with Tris-buffered saline NP-40, blots were incubated for 1 hour at RT in the presence of 1:10 000 mouse anti-rabbit secondary antibody in blocking buffer (Jackson Immuno Research Laboratories). After Tris-buffered saline NP-40 washes, blots were visualized by ECL using Western Lightening (PerkinElmer Life and Analytical Sciences). Quantification of protein bands was performed using densitometry (Epson Expression 1680 scanner; Epson) using Quantity One Version 4.5.0 software (Bio-Rad Laboratories).
Determination of PRT060318 activity on heat-aggregated IgGinduced platelet aggregation. Aggregation was induced by 30 g/mL human aggregated IgG (obtained by heating antibodies for 15 minutes at 63°C).
Analysis of PRT060318 activity on platelet function (human PRP)
PRP was obtained from trisodium citrated (0.32%) blood from human volunteers who gave written informed consent to the protocol (approved by the local Human Subjects Committee of Portola Pharmaceuticals). PRP was preincubated with PRT060318 (20 minutes) before all experiments. Aggregation was induced by 4 g/mL collagen or 5M ADP. Release of CD40L and RANTES was measured by ELISA after incubation of PRP with 4 g/mL collagen for 45 minutes at 37°C. (B) Thrombotic deposits formed on collagen-coated capillaries exposed for 2.5 minutes to nonanticoagulated blood from Syk ϩ/ϩ (n ϭ 9), Syk ϩ/Ϫ (n ϭ 10), and radiation chimeras (Syk Ϫ/Ϫ radiation chimera; n ϭ 7) mice at 871 seconds Ϫ1 . The black arrow points to platelet-rich thrombi. Quantification was performed on semithin cross section of Epon-embedded thrombotic deposits via computer-assisted morphometry. (C) Photomicrograph of thrombotic deposits formed on tissue factor-coated capillaries at 871 seconds Ϫ1 in Syk ϩ/ϩ and Syk Ϫ/Ϫ radiation chimera mice.
Analysis of PRT060318 activity on platelet function (whole blood)
Human blood was collected in syringes containing 5M final concentration of the factor Xa inhibitor C921-78 to preserve physiologic Ca 2ϩ concentration and perfused through a collagen type I-coated capillary at 1500 second Ϫ1 for 5 minutes. End point evaluation of the thrombotic deposits was performed as described previously. 29 For details, see supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Antithrombotic activity of PRT060318 in murine models
Photochemical carotid artery thrombosis. Photochemical (Rose Bengalgreen light laser) carotid artery injury was performed as described previously. 30 PRT060318 (30 mg/kg in distilled water) or vehicle control was administered via oral gavage 2 hours before carotid injury. For details, see supplemental Methods.
Mouse FeCl 3 thrombosis model. Thrombosis on mesenteric arteries (1000-1300 seconds Ϫ1 ) was performed and recorded as described previously. 29 In brief, arteries visualized using a Carl Zeiss Axiovert S100 inverted microscope (objective ϫ20) equipped with a 250-W HBO fluorescent lamp source (Opti Quip) with a narrow-band FITC filter set (Chroma Technology Corp) and a Hamamatsu chilled CCD C5985 intensified camera. Platelet vessel wall interactions and thrombus formation were analyzed in real time using Simple PCI software (Compix Inc Imaging System).
Thromboembolism model. Anesthetized mice received a mixture of collagen (0.8 mg/kg) and epinephrine (60 g/kg) injected into the jugular vein. Time from collagen plus epinephrine injection to death was recorded over a 30-minute period. PRT060318 (30 mg/kg) or its vehicle control was administered orally 2 hours before the intravenous injection of the platelet agonists.
Mouse bleeding times. Tail bleeding times were measured by transecting the tails of anesthetized (50 mg/kg sodium pentobarbital) mice 3 or 5 mm from the tip, as described previously. 31 In brief, mice were treated with PRT060318 (30 mg/kg in distilled water) or vehicle control, and the 3-mm transected tail tip was blotted with filter paper (Whatman) every 15 seconds. The time to cessation of bleeding recorded when no blood appeared on the filter paper for 2 consecutive 15-second periods. The 5-mm transected tail tip was placed into a beaker containing saline at 37°C, and the time to cessation of bleeding for persistent 3-minute period was determined.
Mouse femoral artery wire injury
Wire injury of the femoral artery was performed, as described previously. 32 PRT060318 (30 mg/kg in distilled water) or vehicle control was administered via oral gavage 2 hours before injury and then twice daily for 10 days. For details, see supplemental Methods.
Atherosclerosis experiments: ApoE model of high-fat diet-induced atherosclerosis
To induce atherosclerosis, male apoE-deficient (ApoE Ϫ/Ϫ ) mice consumed a high-fat diet (Clinton/Cybulsky Rodent Diet D12108 with 1.25% cholesterol; Research Diets) from 8 to 28 weeks of age. Mice were treated . Platelet lysates were subjected to SDS-PAGE gels, and Western blots were probed with anti-pLAT pY191 or pSyk pY525/526 antibodies. (B) Quantification of protein bands was performed using densitometry (Epson Expression 1680) using Quantity One Version 4.5.0 software (Bio-Rad Laboratories), and variations normalized to control bands (absence of PRT060318) were plotted against PRT060318 concentrations. (C) Representative dose response effect of PRT060318 on heat-aggregated IgG-induced platelet aggregation (n ϭ 3; IC50 ϭ 85nM in washed platelets). In PRP, PRT060318 inhibits collagen-induced platelet aggregation CD40L (D) and RANTES (E) release. Ept indicates eptifibatide; and Indom, indomethacin. For further data on PRT060318 specificity, please see Reilly et al. 27 with PRT060318 (30 mg/kg in distilled water; n ϭ 15) or vehicle control (n ϭ 16) administered via oral gavage twice daily for 3 weeks followed by 1 week off from 8 weeks of age until 24 weeks of age, for a total of 16 weeks. As detailed in supplemental Methods, aortas were then harvested at 28 weeks of age for atherosclerotic lesion analysis using Sudan IV staining.
In vivo rabbit arterial thrombosis model
A pulsed Doppler flow probe was placed around the carotid artery. Rabbits were anesthetized and maintained at a surgical plan of anesthesia with ketamine (75 mg/kg), xylazine (8 mg/kg), and acepromazine (1.5 mg/kg). A custom-made rigid plastic cuff was placed on the artery ϳ 1 to 2 cm proximal to the probe to create a critical stenosis (50% reduction of the blood flow). The arterial injury was induced using a crush method (3 consecutive crushes 3 seconds each, 1 cm proximal to the Doppler flow probe). The cuff was then placed over the injured site, and the flow was monitored and recorded for the remainder of the experiment. Data are expressed as ratio of nonoccluded vessels (number of patents arteries/number of occluded arteries [blood flow ϭ 0] over time). PRT060318 intravenous infusion regimen was initiated before vascular injury and established as follows: from 0 to 15 minutes, 20.67 mg/kg/h at 12.4 mL/kg/h and then from 15 minutes to the end, 7.33 mg/kg/h at 4.4 mL/kg/h.
In vivo swine arterial thrombosis model
After anesthesia and 111 In-platelet labeling, carotid arterial crush injury of 4-month-old female pigs (Babcock 4-way cross stock) was performed, as described previously. 33 In brief, injury was induced by 6 serial hemostat crushes of 5-second duration, interspersed with a 3-second rest period, with each subsequent injury visually abutting the prior injury site. The thrombi were then allowed to propagate for 30 minutes. At the end of the 30-minute period, injured arterial segments were harvested and assayed for 111 In-content in a scintillation counter. The model used both carotid arteries where the first thrombus formed served as the vehicle control and second as the active drug-treated thrombus. The pigs were then infused with PRT060318 at a constant intravenous infusion rate of 8.90 mg/kg/h at 1 mL/kg/h for the duration of the study. The second carotid was injured next and thrombi allowed to propagate for 30 minutes. Platelet aggregation in PRP was performed before and on infusion of PRT060318 with ADP (20M) or CVXN (250 ng/mL). Activity of PRT060318 on primary hemostasis was assessed in the ear bleeding time model before and on infusion of the drug. 33 
Statistics
Data are presented as the mean Ϯ SD unless otherwise specified in the text. Comparisons between genotypes or treatment groups used a nonpaired t test. P values Ͻ .05 were considered significant. 
Results
Lack of Syk attenuates shear-induced thrombus formation ex vivo
We investigated the role of Syk in thrombus formation under physiologic arterial shear rates (871 seconds Ϫ1 ) using a collagencoated flow perfusion chamber assay. 29 Perfusion of nonanticoagulated blood resulted in the rapid formation of platelet aggregates in wild-type (WT) mice (thrombus volume ϭ 37.2 Ϯ 4.7 m 3 /m 2 ) that was essentially abolished in Syk Ϫ/Ϫ radiation chimeras (0.8 Ϯ 0.4 m 3 /m 2 ; P Ͻ .001; Figure 1 A-B) . Interestingly, although no noticeable immunologic phenotype has been reported for Syk haploinsuffiency, the perfusion of blood from Syk ϩ/Ϫ mice led to the formation of thrombi that were significantly smaller in size than their WT counterparts (16.0 Ϯ 3.9 m 3 /m 2 ; P Ͻ .01; Figure 1A -B). In contrast to collagen-coated capillaries, thrombi formed to a similar size in WT and Syk Ϫ/Ϫ radiation chimeras mice after perfusion on a tissue factor-coated surface ( Figure 1C ).
PRT060318, a selective, small-molecule inhibitor of Syk kinase
To further characterize the contributions of Syk to thrombosis, we used a highly selective small-molecule inhibitor of Syk kinase activity, PRT060318, that has an IC 50 value that is Ͼ 200, 400, 300, and 80 times lower than that of cSRC (886nM), Fyn (1494nM), Lyn (611nM), and Yes (253nM), respectively. 27
PRT060318 activity on platelet function
Washed platelets. Engagement of the GPVI receptor by CVXN initiates an intracellular signaling cascade, including phosphorylation of LAT on tyrosine residue 191 and increases in intracellular calcium and P-selectin expression. PRT060318 inhibited CVXNinduced phosphorylation of LAT and Syk(525/6Y), with a mean IC 50 value of 52 Ϯ 18nM (n ϭ 6) and 2637 Ϯ 740nM (n ϭ 3; Figure 2A -B), respectively. PRT060318 inhibited CVXN-induced P-selectin expression, with an IC 50 value of 48nM (n ϭ 4; data not shown) and activation of Fc␥RIIA by heat-aggregated IgG, with an IC 50 value of 85nM ( Figure 2C ).
Platelet-rich plasma. PRT060318 potently inhibited platelet aggregation induced by collagen (4 g/mL), with an IC 50 value of 0.57 Ϯ 0.19M, while not affecting ADP (5M)-induced platelet aggregation, even when tested at 50M. PRT060318 inhibited collagen-induced CD40L and RANTES release, with an IC 50 value of 1.5 and 1.4M ( Figure 2D-E) , respectively.
PRT060318 activity on the kinetics of thrombosis in vitro
PRT060318 dose-dependently inhibited thrombus volume in collagen-coated capillaries (1500 seconds Ϫ1 ), with an IC 50 value of 250nM ( Figure 3A) . Concentrations of PRT060318 that had no effect on the initial rate of thrombus formation-induced disaggregation of platelet thrombi, whereas higher concentrations (Ͼ 3.3M) prevented thrombus growth on collagen ( Figure 3B ). Figure 3C -D indicates that perfusion of PRT060318-treated blood induced immediate dethrombosis of preformed platelet-rich thrombi.
Inhibition of Syk kinase activity provides protection from arterial and venous thrombosis in murine models with minimal effects on bleeding time
To examine the function of Syk in arterial thrombosis, we subjected the carotid arteries of mice administered vehicle or PRT060318 (30 mg/kg oral) to the Rose Bengal photochemical carotid artery injury model, which produces thrombosis because of local free radical release and oxidative endothelial cell injury. 30 A formal pharmacokinetic study was performed to assess the plasma concentration of PRT060318 after oral dosing. Peak and trough concentrations were 4.7 to 7.2M and 0.6 to 0.9M, respectively (supplemental Table 1 ). As shown in Figure 4A , the time to occlusive thrombus formation was prolonged significantly in PRT060318-treated mice (58 Ϯ 16 vs 33 Ϯ 12 minutes; P ϭ .001). In light of the weak thrombotic phenotype associated with Syk deficiency in an FeCl 3 thrombosis model, 34 we studied the contribution of the kinase activity of Syk in an FeCl 3 thrombosis model applied to mesenteric arteries. In this model, PRT060318 was administered as a continuous intravenous infusion and targeted full inhibition (concentration achieved, 9.6 Ϯ 0.9M) of the kinase activity of Syk. PRT060318 delayed the time to occlusion (vehicle, 8.8 Ϯ 1.1 vs PRT060318, 13.4 Ϯ 0.8 minutes; P ϭ .011; Figure 4B ).
The function of Syk in venous thrombosis also was investigated in an internal jugular vein thromboembolism model. PRT060318 (30 mg/kg single oral dose) significantly protected WT mice from death induced by intravenous injection of a mixture of collagen and epinephrine ( Figure 4C ). The significant extent of protection in this model may be related to the simple and direct nature of the agonists used (collagen ϩ epinephrine) and their direct stimulation of the Syk signaling pathway.
To assess the role of Syk in hemostasis, we examined tail bleeding times. There was no difference in tail bleeding times between PRT060318 (30 mg/kg single oral dose) and vehicle control-treated mice whether tails were transected 3 or 5 mm from the tip. For 3-mm transection, mean bleeding time for vehicletreated mice was 411 Ϯ 225 seconds compared with 474 Ϯ 267 seconds (P ϭ .50) for PRT060318-treated mice ( Figure 4D ). For 5-mm transection, mean bleeding time for vehicle-treated mice was 480 Ϯ 378 seconds compared with 690 Ϯ 186 seconds for PRT060318-treated mice (P ϭ .17).
Femoral artery injury and neointima formation
We investigated whether Syk activity modulates neointima formation by subjecting mice treated with PRT060318 (30 mg/kg via oral gavage twice daily for 10 days) to transluminal wire injury of the femoral artery. Wire injury is accompanied by endothelial denudation, platelet and fibrin deposition, prominent vascular inflammation, smooth muscle cell proliferation and migration, and neointima formation. 32 We assessed platelet deposition 1 day after injury by staining for the platelet-specific marker GPIIb. There was no significant difference (P ϭ .52) in GPIIb-positive area in arteries from vehicle-treated (2634 Ϯ 809 m 2 ) and PRT060318-treated (2898 Ϯ 933 m 2 ) mice. Wire injury of the femoral artery is accompanied by prominent vascular inflammation that peaks 3 to 5 days after injury. 32 Our studies implicated Syk in this process because altered leukocyte accumulation within vessels was observed in injured arteries from PRT060318-treated compared with For personal use only. on April 15, 2017 . by guest www.bloodjournal.org From control vehicle-treated mice ( Figure 5A ; supplemental Figure 1A Figure 1A) . We expanded the CD45 analysis by immunostaining with cell-specific markers. Accumulation of neutrophils (mAb-7/4-positive cells) in the developing neointima (vehicle, 50.7 Ϯ 10.0% vs PRT060318, 12.2 Ϯ 9.7%; P Ͻ .001) and media (vehicle, 33.3 Ϯ 21.6% vs PRT060318, 7.4 Ϯ 10.4%; P ϭ .005) at 5 days was decreased by 76% and 78%, respectively, in PRT060318-treated compared with control vehicle-treated mice (supplemental Figure 2A-B) . Accumulation of macrophages (Mac-3-positive area) in the developing neointima (vehicle, 41.9 Ϯ 12.8% vs PRT060318, 3.8 Ϯ 2.2%; P Ͻ .001) and media (vehicle, 19.3 Ϯ 7.2% vs PRT060318, 13.8 Ϯ 5.0%; P ϭ .08) at 5 days was decreased by 91% and 28%, respectively, in PRT060318-treated mice (supplemental Figure 2C-D) . We examined the inhibition of Syk kinase activity within the injured vessel wall by assaying the phosphorylation status of Vav, a downstream Syk target (supplemental Figure 3 ). Phospho-Vav-positive area was reduced significantly in the vessel wall of PRT060318-treated mice (vehicle, 30.5 Ϯ 12.7 vs PRT060318, 14.7 Ϯ 5.5%; P ϭ .016).
Because there is evidence that Syk modulates vascular smooth muscle cell proliferation in vitro, 35 we assessed cellular proliferation by quantifying incorporation of BrdU in vessels after injury ( Figure 5A ; supplemental Figure 1B ). Five days after injury, substantial proliferation was evident in control vehicle-treated arteries (51.8 Ϯ 5.6% of intimal cells and 29.8 Ϯ 7.3% of medial cells). Inhibition of Syk with PRT060318 significantly attenuated intimal (43% decrease; P Ͻ .001) and medial (64% decrease; P Ͻ .001) proliferation at 5 days (supplemental Figure 1B) . These data provide direct evidence that PRT060318 ameliorates the proliferative response to vascular injury.
In this model, neointimal thickening is evident 5 days after injury and progresses significantly between 5 and 28 days. Neointimal thickening was reduced significantly at 28 days (PRT060318, 5521 Ϯ 4687 vs vehicle, 8187 Ϯ 4604 m 2 ; P ϭ .01; Figure 5 ) and the intima:media area ratio was decreased by 45% in PRT060318-treated compared with control vehicle-treated mice (PRT060318, 0.52 Ϯ 0.58 vs vehicle, 0.94 Ϯ 0.73; P ϭ .005). Taken together, these data indicate that Syk activity modulates the recruitment and accumulation of neutrophils and macrophages, cellular proliferation, and neointima formation after vascular injury.
Inhibition of Syk inhibits atherosclerotic lesion formation
Because leukocyte-platelet interactions are critical in the initiation and progression of atherosclerosis 3 as well as restenosis, 16 we examined the development of atherosclerotic lesions in ApoE Ϫ/Ϫ male mice consuming a high-fat diet from 8 to 28 weeks of age. Mice were treated with PRT060318 (30 mg/kg in distilled water; n ϭ 15) or vehicle control (n ϭ 16) administered via oral gavage twice daily for 3 weeks followed by 1 week off from 8 weeks of age until 24 weeks of age, for a total of 16 weeks. Plasma lipid profiles did not differ significantly between vehicle control-and PRT060318-treated mice on high-fat diet (Table 1) . Treatment with PRT060318 did not affect total white blood cell count (P ϭ .94), hemoglobin (P ϭ .25), or platelet count (P ϭ .58). Importantly, mouse weight was monitored weekly and revealed no significant difference between vehicle or PRT060318 treatment (supplemental Figure 4) . Aortas were harvested at 28 weeks of age for atherosclerotic lesion analysis. Inhibition of Syk activity with PRT060318 resulted in a 36% reduction in lesion area in en face analysis of Sudan IV-stained thoraco-abdominal aortas (vehicle, 29.9 Ϯ 9.7% vs PRT060318, 19.1 Ϯ 7.6%; P ϭ .002) and a 30% reduction in lesion area when the entire aorta including the ascending and aortic arch was analyzed (vehicle, 34.3 Ϯ 9.1% vs PRT060318, 24.2 Ϯ 7.8%; P ϭ .002; Figure 6 ).
Rabbit thrombosis studies
PRT060318 regimen targeted concentrations that showed in vitro maximal levels of inhibition of arterial thrombosis in the collagencoated perfusion chamber assay ( Figure 7A ). Plasma concentrations achieved were 3.93 Ϯ 0.54 (T0), 4.45 Ϯ 0.59 (T20), 4.67 Ϯ 0.64 (T40), and 4.98 Ϯ 0.82M at T60 minutes after injury, providing near maximal inhibition of collagen (10 g/mL Horm collagen [Nycomed])-induced platelet aggregation (86%-92%) and smaller thrombi ex vivo in the perfusion chamber assay ( Figure 7B ). In vivo, this dose regimen led to a significant reduction in the occlusion event rate as 10 of 15 arteries in the PRT060318-treated group did not occlude versus 4 of 15 for vehicle-treated group (P ϭ .021; Figure 7C ).
Pig thrombosis studies
The intravenous infusion rate of PRT060318 targeted plasma concentrations providing maximal inhibition of thrombosis in the in vitro perfusion chamber assay ( Figure 7D ). Animals tested halfway through the 30-minute infusion period showed concentrations of 1090, 1260, and 1680 ng/mL (mean ϭ 3.9M). These levels significantly inhibited the deposition of 111 In-labeled platelets onto the injured vessel wall by Ͼ 75% in vivo ( Figure 7E ) and abolished ex vivo CVXN-induced platelet aggregation without affecting ADP-induced platelet aggregation ( Figure 7F ) and the activated clotting time (control, 132.5 Ϯ 22 seconds; treatment, 130 Ϯ 13 seconds) and without compromising ear bleeding time, a measure of primary hemostasis ( Figure 7G ).
Discussion
In this study, we have found that the modulation of Syk using Syk knockout radiation chimeras or on pharmacologic modulation of its tyrosine kinase activity inhibits thrombosis and vascular injury responses without affecting hemostasis. This conclusion is supported by the following data: (1) In vitro, Syk supports thrombus growth and stability on collagen under arterial shear rate conditions PRT060318 (30 mg/kg in distilled water) or vehicle control was administered via oral gavage twice daily for 3 weeks followed by 1 week off, for a total of 16 weeks.
LDL indicates low-density lipoprotein; CBC, complete blood count; WBC, white blood cells; PMN, neutrophils; and HCT, hematocrit.
but does not play a role in a reaction driven by tissue factor. (2) In vivo, using different thrombosis models applied to multiple animal species, we showed that Syk mediates thrombosis on an injured blood vessel. Furthermore, Syk is involved in the long-term responses to vascular injury, including inflammatory cell recruitment, cellular proliferation, and neointima formation. (3) Finally, we established that modulation of these functions does not translate into detrimental effects on primary hemostasis.
Selectivity of PRT060318 for Syk and effect on thrombosis
PRT060318 is highly specific for Syk kinase, with an IC 50 value of 3nM, which is ϳ 35 to 300 times lower than that of the closely related tyrosine kinases ZAP-70, FAK, and Pyk2 and 80 to 400 times lower than the Src kinases Fyn, Lyn, and Yes. PRT060318 selectively inhibited Syk kinase activity in purified enzyme assays, GPVI-dependent signaling pathways of platelet activation, and shear-induced thrombus growth on collagen and promoted dissolution of preformed thrombi. These observations are in agreement with the phenotype of the genetically engineered mice ( Figure 1 ) and with known platelet GPVI biology (for review, see Watson et al 8 ).
Because definitive conclusions regarding the importance of GPVI signaling in thrombosis are subject to the limitations of mouse models of thrombosis in general, 36, 37 we evaluated the effects of Syk inhibition on thrombosis in large animal species (rabbits and pigs) that exposed nondenatured proteins of the vessel wall to blood flow (ie, carotid artery crush-injury models). These 2 species were intentionally selected based on the homology of their whole blood thrombotic profile in the perfusion chamber compared with human blood. In both rabbit and pig models, intravenous infusion of PRT060318 targeted maximal inhibition of Syk kinase activity and significantly inhibited arterial thrombosis. The antithrombotic activity of PRT060318 in pigs was remarkable because it was achieved with complete inhibition of CVXNinduced platelet aggregation, with no effect on ADP-induced platelet aggregation, and no prolongation of ear bleeding time.
Although the plasma levels achieved in the 2 animal models may seem high (ϳ 4M), possibly confounding Syk specificity, 3 sets of data strongly suggest that PRT060318 selectivity for Syk remained. First, PRT060318 is 89% protein bound, leaving only ϳ 10% (ie, ϳ 400nM) free in plasma. Second, when PRT060318 was tested in a broad panel of kinases, at a concentration greater than 17-fold higher than its IC 50 value for Syk, the next kinase inhibited was minimally affected (29% inhibition). Thus, under conditions that are fully inhibitory of Syk kinase activity, both related kinases (ZAP-70, FAK, and Pyk2) and nonrelated kinases in the Millipore panel are unlikely to be sufficiently inhibited to influence thrombotic processes. Accordingly, we reported previously 27 that 10M PRT060318 did not inhibit Lyn activity in human whole blood. Third, plasma levels achieved in the pig study had no effects on platelet aggregation induced by ADP and did not prolong bleeding time. Thus, it is expected that the majority of the antithrombotic effect of PRT060318 stems from on-target activity at the tyrosine kinase function of Syk and that Syk seems to be preferentially involved in mechanisms regulating arterial thrombosis, while having a lesser role in primary hemostasis.
The significant inhibition of arterial thrombosis in vivo by the Syk inhibitor may stem from a dual action. First, consistent with its role in GPVI signaling, Syk promotes platelet adhesion and activation by collagen. Second, Syk has a role in maintaining thrombus stability. In fact, PRT060318 affected thrombus stability at lower concentrations than was required to inhibit platelet adhesion ( Figure 3B ). Phosphorylation of Syk has been reported in both inside-out 38 and outside-in 39 signaling pathways involving GPIIb-IIIa, the key glycoprotein promoting thrombus stability. 40 Because shear itself contributes to phosphorylation of Syk, 10, 41 it is possible that the primary contribution of Syk to thrombosis is to stabilize arterial thrombi in vivo.
Modulation of Syk affects vessel wall response to vascular injury
Leukocyte-platelet interactions are critical in the initiation and progression of atherosclerosis 3, 42 as well as restenosis. 4 Recruitment of circulating leukocytes to vascular endothelium requires multistep adhesive and signaling events including selectinmediated attachment and rolling, leukocyte activation, and integrinmediated firm adhesion and diapedesis that result in the infiltration of inflammatory cells into the blood vessel wall. 43 Firm attachment is mediated by members of the ␤ 2 -integrin family, LFA-1 (␣ L ␤ 2 , CD11a/CD18), Mac-1 (␣ M ␤ 2 , CD11b/CD18), and p150,95 (␣ X ␤ 2 , CD11c/CD18). 44 Importantly, leukocyte recruitment also occurs at sites of vascular injury where the lining endothelial cells have been denuded and platelets and fibrin have been deposited. A similar sequential adhesion model of leukocyte attachment to and transmigration across surface-adherent platelets has been proposed previously. 45 The initial tethering and rolling of leukocytes on platelet P-selectin 46 is followed by their firm adhesion and transplatelet migration, processes that are dependent on leukocyte Mac-1 45 and platelet GPIb␣. 16 We have reported previously that deficiency 4 and antibody targeting of Mac-1-GPIb␣ 16 inhibits neointima formation. Because Syk is downstream of both GPIb␣ and Mac-1 signaling, 17 we investigated the effect of PRT060318 on the acute and mid-term (5-28 days) biologic responses to vascular injury. We found that treatment with PRT060318 for 10 days modulated the biologic response to vascular injury at 28 days. In this endothelial cell-denuding model that does not lead to vascular occlusion by platelet-rich thrombi, PRT060318 inhibited neointima formation by impairing inflammatory cell accumulation and cellular proliferation rather than by affecting platelet deposition (a process probably driven by thrombin generation). The finding that inhibition of Syk with PRT060318 attenuated atherosclerotic lesion formation indicates that Syk controls both acute and long-term responses to arterial vascular injury. Because leukocyte-platelet interactions are critical in the initiation and progression of atherosclerosis 3 as well as restenosis 16 and because Syk is involved in leukocyte rolling and adhesion to activated endothelium, 15 the antiatherosclerotic effect of PRT060318 is not unexpected.
Unmet clinical need and Syk therapeutic window
Inhibition of Syk kinase activity with PRT060318 did not interfere with the hemostatic function of platelets, in agreement with reports made using genetically engineered mice, 23 providing a novel mechanism to regulate thrombosis without impairing hemostasis (ie, reduced bleeding risk). These findings are probably explained by the fact that Syk does not play a role downstream of thrombin signaling, as shown in Figure 1C and illustrated by others using GPVI-deficient mice. 47 The identification of a small-molecule inhibitor of thrombosis that does not affect hemostasis (ie, bleeding time) has important clinical implications. Thrombotic cardiovascular diseases, including myocardial infarction and stroke, are the leading cause of death in developed countries. 48 Total U.S. healthcare expenditures in 2009 for coronary heart disease and stroke were a staggering US$165.4 billion and US$68.9 billion, respectively, 48 with pharmacologic therapies estimated to exceed US$20 billion worldwide. 48 Primary drug therapies include antiplatelet and anticoagulant agents 6, 7 ; however, current multidrug strategies are limited by significant bleeding risks that are associated with increased mortality. 49 Although new antiplatelet (ie, prasugrel and ticagrelor) and anticoagulant (ie, dabigatran, rivaroxaban, and apixaban) agents are being developed on the basis of superior efficacy, these therapeutic advances are often, although not always, associated with an increase in the rate of bleeding or transfusion requirement. 6, 7 There is emerging experimental evidence distinguishing the molecular and cellular mechanisms of hemostasis and thrombosis. 50 Nonetheless, programs exploiting alternative targets, including platelet receptors/ligands (eg, P2X1, CD150, Gas6, and CD40L) and coagulation factor XIIa that seek to prevent thrombotic occlusion without impairing hemostasis, 50 have not provided new, safer drugs to date.
Thus, the kinase activity of Syk seems to have a preferential and critical function in both thrombotic and inflammatory responses to vascular injury in arteries. Dose-response studies are required to establish whether a strategy aimed at targeting the kinase activity of Syk in a chronic setting is doable and safe. The thrombotic phenotype associated with Syk heterozygous mice and that has not been associated with an impairment of the immune function indicates that a therapeutic window may exist that would allow for pharmacologic modulation of atherothrombotic events.
